The histograms of spontaneous synaptic potentials at synapses in autonomic ganglia are described by distributions consisting of mixtures of Gaussians, rather than by single Gaussian distributions. The possible origin of these mixed distributions is investigated, using Monte-Carlo simulations of the action of spontaneously released units of transmitter. A single unit of acetylcholine of ¢xed size, released from an active zone with receptor patches both beneath and adjacent to the zone, does not give rise to the observed histograms. But if the unit is of variable size, consisting of integer multiples of smaller units, and release is from an active zone onto either the receptor patch beneath, or in addition onto adjacent patches, then the histogram is well described by a mixture of Gaussians. However, this explanation is unlikely to be correct as present evidence suggests that in most cases the released unit of transmitter saturates the postsynaptic receptor patch beneath the active zone. The ¢nal case considered is where a unit of transmitter is spontaneously released from an active zone, simultaneously with a unit in an adjacent zone less than one micron away. The histogram of potentials then conforms to those observed even when there are di¡erences in the sizes of the receptor patches. It is suggested that this kind of release could provide an explanation for distributions of spontaneous potentials that are mixtures of Gaussians.
INTRODUCTION
The amplitude-frequency histogram of most spontaneous synaptic potentials at the amphibian neuromuscular junction is described by a Gaussian distribution (Fatt & Katz 1952) , although a subpopulation consisting of very small spontaneous potentials is best described by a skewed distribution (Erxleben & Kriebel 1988) . The Gaussian distribution was subsequently used to de¢ne a unit or quantum of transmission (del Castillo & Katz 1954) . It is uncertain if other synapses, in either the peripheral or central nervous system, possess amplitude-frequency histograms of spontaneous synaptic potentials which are generally described by a Gaussian distribution (Bennett 1995) . Both skewed and multimodal amplitude-frequency histograms of spontaneous excitatory post-synaptic potentials (EPSPs) are often found at synapses on autonomic ganglia (see, for example, Blackman & Purves 1969 , Dennis et al. 1971 . This is the most intensively studied synapse after the neuromuscular junction . The skewed histograms of spontaneous EPSPs in paravertebral sympathetic ganglia are well described by a gamma distribution (Robinson 1976) . Multimodal histograms of spontaneous EPSPs in the avian ciliary ganglion and guinea-pig pelvic ganglion have been described by a mixture of Gaussian distributions in which the mean of the successive Gaussian are integer multiples of the mean of the ¢rst Gaussian in the mixture (Martin & Pilar 1964; Bornstein 1978 ; see ¢gure 1a). Such observations have been interpreted in terms of multiquantal spontaneous EPSPs (Dennis et al. 1971; Bornstein 1978) . The relative frequency of multiquantal spontaneous EPSPs increases in hypertonic solutions (Bornstein 1979) , with an increase in the frequency of stimulation as well as an increase in the external calcium concentration ([Ca 2 ] 0 ; Bornstein 1978) , suggesting that they arise presynaptically. Given the uncertainty as to how distributions of spontaneous potentials like the one shown in ¢gure 1a arise at synapses on autonomic ganglia, it is not possible to test the quantal hypothesis that there is a unit of transmitter release and that its amplitude is given by that of the spontaneous potential (del Castillo & Katz 1954 ). The present work constitutes an enquiry into how distributions of the kind shown in ¢gure 1a might arise.
METHODS

(a) Monte-Carlo simulation method
The kinetics of ACh interaction with receptors in the neurons of autonomic ganglia is taken to be
where A is an ACh molecule, R is a receptor molecule containing a double binding site, AR is the singly bound molecule, A 2 R is the doubly bound molecule and A 2 R Ã is this molecule in the open conformation, corresponding to an open channel (Margiotta et al. 1987; Bennett et al. 1997a) . The interaction of ACh with cholinesterase is taken to be (Bartol et al. 1991) A E 3
where E denotes the esterase and Q the ¢nal products of hydrolysis. To the above kinetic scheme must be added the di¡usion of the ACh molecules after quantal release. Here, two very di¡erent methods have been used to solve the above problem. The ¢rst introduces concentrations A, AR, A 2 R, etc., for the various complexes present. These concentrations are treated as continuous functions of time and space and a set of simultaneous coupled di¡erential equations is derived to describe their temporal and spatial evolution (see, for example, Wathey et al. 1979; Bennett et al. 1996) . These equations are then solved under appropriate boundary conditions using standard numerical techniques.
The second method, the Monte-Carlo simulation used here, adopts the very di¡erent approach of following the motion of each individual ACh molecule as it executes a random walk in free space, is re£ected from presynaptic and postsynaptic membranes, and binds to or unbinds from receptor molecules. A detailed description and justi¢cation of the Monte Carlo method, as applied to the release of ACh in the neuromuscular junction, has been given by Bartol et al. (1991) . One advantage of this method is that it mimics the real situation more closely than does the continuous approach; for example, the stochastic £uc-tuations that appear in one Monte Carlo run more resemble experimental data than do the smooth solutions of di¡erential equations. Added advantages are £exibility of programming and relatively fast execution.
The simulations start with the release of a ¢xed number, N, of ACh molecules from a point on the presynaptic membrane directly opposite the centre of the receptor patch. A ¢xed time step, Át, is chosen and at all subsequent times each molecule is tracked by recording its position in Cartesian coordinates, xY yY z. At each time-step each molecule's position is updated by increasing or decreasing (randomly) each coordinate x, y and z separately by a random amount L j , where L j is a taken from a Gaussian distribution whose parameters depend on the di¡usion coe¤cient for ACh and on the time-step Át (explicit formulas are given by Bartol et al. 1991) . This process mimics the free di¡usion of ACh.
The presynaptic and postsynaptic membranes are modelled as two parallel square £at plates 20 nm apart and of side 3.2 mm. Receptors are found only in a circular disc located in the centre of the postsynaptic membrane; typically, this disc is of diameter 0.6 mm, giving a receptor area of about 0.28 mm 2 (see WilsonHorsch & Sargent 1996) . This receptor area is subdivided into square tiles of appropriate size, depending on the assumed receptor density, each tile containing one receptor; the actual size of the receptor is 10 nm 2 , which is much smaller than the tile size. The esterase is located in a plane midway between the presynaptic and postsynaptic membranes and occupies the full square of side 3.2 mm.
At each temporal update, an individual ACh molecule may do the following:
1. Continue to di¡use freely within the synaptic cleft. 2. Escape from the synaptic cleft. 3. Be re£ected from the presynaptic or from the postsynaptic membrane. 4. Bind to, or unbind from, a receptor. 5. Bind to an esterase molecule, or undergo hydrolysis.
Re£ection always occurs when a molecule hits the presynaptic membrane; it occurs at the postsynaptic membrane provided binding to a receptor does not occur. Re£ection is accomplished by reversing the z component of distance after the hit, but leaving the x and y components unchanged.
If a molecule hits a receptor (R or AR) then binding occurs with a probability that is proportional to the forward rate constant k (again, explicit formulas are given by Bartol et al. 1991) ; if binding does not occur then the molecule is re£ected, as described above. During each time-step, bound receptors (AR and A 2 R) lose an ACh molecule with probability p À 1 À exp ( À k À Át) % k À Át and parallel formulas give the probabilities of transitions between A 2 R and A 2 R Ã . Similar considerations apply to the interaction between an ACh molecule and the cholinesterase layer.
The main parameters used in the simulations are shown in table 1. The values for the ACh di¡usion coe¤cient and esterase interaction come from Bartol et al. (1991) . The remaining values are from Margiotta et al. (1987) .
(b) EPSPs as random variables
Consider n receptor patches and let X i be the EPSP due to the ith patch when a unit of transmitter is released onto it. Take X i to be normally distributed with mean " i and standard deviation ' i , stochastic £uctuations due to the di¡usion and binding of the transmitter. De¢ne Y i to be 1 if the ith site releases and 0 otherwise and let P(Y i 1) p i , where p i is the release probability for the ith site.
In the case of asynchronous release each site releases independently and at a di¡erent time, so the total EPSP is given by W Y i X i , where i is one of 1Y 2Y X X X n. As only one receptor patch is involved in each response the events W X i are mutually exclusive, leading to the density function
where 9(x) (1a 2% p )e Àx 2 a2 is the standard normal density function; thus f W w is a weighted sum of Gaussians. In the special case where all the receptor patches are of the same size so that all the X i s have the same distribution (X i $ N("Y ')) then, using AEp i 1, expression (3) becomes
so the distribution is the same as that obtained from a single patch.
In the synchronous case, transmitter is released simultaneously onto one or more receptor patches, so the EPSP is given by W n i1 Y i X i . Now
the sum being over all possible sets f yg À f y 1 y 2 X X X y n g where y i 0 or 1. The conditional probability in expression (5) reduces to P(
is the standard normal distribution function and the summations are over i from 1 to n.
which allows f W w to be computed for given n, p i , " i and ' i . In the special case where all the receptor patches are the same size (X i $ N("Y ')) and the release probabilities are the same (p i p), expression (6) reduces to
where
is the binomial distribution; thus the density function in this case is a binomially weighted sum of Gaussians.
RESULTS
(a) Quantal currents
Reconstruction of the unitary EPSC at an active zone is possible using the three-stage receptor reaction of Margiotta et al. (1987) together with a receptor density of about 1500 mm À2 (see Bennett et al. 1997a ) in a receptor patch of 0.6 mm diameter (see Sargent 1993; WilsonHorsch & Sargent 1995) and the release of the entire contents of a synaptic vesicle, taken to be 10 000 molecules (¢gure 1b). This is the same as the number of molecules The continuous curve is constructed on the basis that the distribution is a mixture of Gaussians, with a unit Gaussian size and variance that of the ¢rst mode in the histogram (Bornstein 1978). (b) Comparison between a recorded excitatory postsynaptic current of a mammalian pelvic ganglion bouton (upper ¢gure; Bennett et al. 1997a ) and a reconstructed current according to the three-stage receptor reaction given in the text (lower ¢gure; Bennett et al. 1997a). released by a vesicle at the motor endplate (Hartzell et al. 1976) . The Monte-Carlo simulations show that the number of open channels reaches a peak in about 1ms and then declines exponentially with a time constant of about 2 ms (¢gure 2a). Although there have not been any voltage clamp studies of the time-course of the unitary synaptic currents due to the release of transmitter from the active zones of a calyx, the early work of Martin & Pilar (1964) indicates that the current has a time constant of about 2 ms. The unitary current at single boutons on pelvic ganglion cells has a time constant of about 3 ms (Bennett et al. 1997a) when allowance is made for the loose patch-clamp recording technique. Increasing the amount of transmitter released from an active zone onto a receptor patch of 0.6 mm diameter (with a receptor density of 1500 mm À2 ) increases the size of the response (A 2 R Ã ) up to about 75 for a release of 10 000 ACh molecules (¢gure 2b). At this number, less than 20% of the total of 424 receptors is open at the peak of the response. This small proportion of open receptor channels is largely due to the values used for the rate constants and (table 1) which give a ratio of open to doubly bound channels of a( ) 0X35. The number of open channels at the peak of the synaptic current is about 100 for active zones of sympathetic boutons (Bennett et al. 1997a) .
(c) The e¡ect of ACh released from an active zone di¡using to an adjacent receptor patch
Individual active zones frequently possess adjacent active zones that are in very close apposition, suggesting that receptor patches may overlap; indeed there is evidence that adjacent receptor patches may even occur on autonomic ganglion cells that are not innervated by an active zone (Wilson-Horsch & Sargent 1995) . This being the case, it is of interest to calculate the synaptic currents that might arise if the release of a unit of transmitter from a single active zone occurred onto a receptor patch that possesses an immediately adjacent receptor patch. In ¢gure 3 each histogram gives the result of 150 simulations in which 10 000 molecules of ACh were released above the centre of one of the receptor patches, and each patch was 0.6 mm in diameter. The peak synaptic current (A 2 R Ã ) was calculated ¢rst for a single isolated patch (¢gure 3a) and then for a series of two receptor patches of increasing separation (¢gure 3b^d). Although this peak response increases with an increase in the closeness of apposition of an adjacent receptor patch, as shown in ¢gure 3b^d, the increase is always only a fraction of the current recorded when a unit is released onto a receptor patch in isolation (¢gure 3a). The results thus indicate that the addition of adjacent receptor patches is unlikely to provide an explanation for either the degree of skewness observed in the amplitude-frequency histograms of spontaneous currents recorded with an intracellular electrode or for the mixture of Gaussian distributions that is sometimes ¢tted to the these histograms (see ¢gure 1a). The existence of skewed histograms of spontaneous currents measured from all the active zones on a ganglion cell with an intracellular electrode, mentioned in x1, suggests the possibility that single active zones may release spontaneously more than one quantum of transmitter at the same time. This is an especially interesting possibility, given that mixtures of Gaussian distributions indicating multiquantal release can often be well-¢tted to these histograms of spontaneous potential amplitudes (see ¢gure 1a). It is clear from ¢gure 2b that if there are 10 000 ACh molecules in a quantum then a double quantal release from an active zone would give only a marginal increase in the synaptic current over that due to a single quantal release, and so cannot provide an explanation for the existence of spontaneous multiquantal release histograms. However, it is possible that if less than 10 000 molecules of ACh constitute the quantum (see Bennett et al. 1997a ) then double and even triple releases of this quantal size might be expected to give rise to peak currents that are almost integer multiples of the current due to a single quantum. This is investigated in ¢gure 4, where the single quantum has been taken as 3 000 molecules and the proportion of single, double and triple releases, 72%, 22% and 6%, respectively, has been calculated on the basis of a stochastic theory for spontaneous release from an active zone . (Reduction of the release unit to 3000 molecules of ACh causes little change in the rise time and decay time of the resulting EPSP; it does e¡ect the amplitude, as shown in ¢gure 2b.)
The amplitude-frequency histogram of these currents (¢gure 4a) shows the quite distinct appearance of multimodes similar to those observed for the spontaneous potentials recorded with an intracellular electrode. If there are patches of receptors abutting the receptor patch immediately beneath a releasing active zone, then there is a slight increase in the size of the responses to single, double and triple quantal releases but this does not remove the quantal nature of the histograms (¢gures 4ad ). The di¤culty with accepting this form of release as providing an explanation for experimental distributions of the kind shown in ¢gure 1a is that receptor patches appear to be saturated by the smallest unit of transmitter release (see, for example, Rang 1981) so that multi-unit releases will make little di¡erence to the amplitude of the response generated at a receptor patch.
(e) The e¡ect of the simultaneous release of transmitter quanta from adjacent active zones
There is evidence that adjacent active zones can spontaneously increase their calcium levels in synchrony (see x4). Therefore, a ¢nal possibility investigated is that adjacent active zones, each with their own receptor patches, can synchronously release a quantum of transmitter spontaneously (the usual asynchronous case is shown in ¢gure 5a). An appropriate choice of the number of times there is synchronous release from two or three adjacent active zones, in comparison with the release from single active zones, will give rise to amplitude-frequency histograms of peak currents (¢gure 5b) that resemble those observed with an intracellular electrode (compare ¢gure 5b with ¢gure 1a). The question arises, however, as to the e¡ect of di¡erent size receptor patches beneath adjacent active zones on the amplitude-frequency histograms of peak currents generated by the spontaneous and synchronous release of quanta from these active zones, given that it is known that the receptor patches are not of uniform size (Wilson-Horsch & Sargent 1976) . If the predominant receptor patch size is about 0.6 mm diameter, but there are other receptor patches of 0.7 mm and 0.8 mm diameter, then random release of quanta containing 10 000 molecules of ACh onto these patches will give rise to a skewed amplitude-frequency histogram of peak current sizes (¢gure 5c). If there is synchronous release of quanta, then the histogram remains skewed and quantal components in the histogram are discernible (¢gure 5d), giving a
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Proc. R. Soc. Lond. B (1998) Figure 4 . Amplitude-frequency histograms of peak A 2 R Ã generated at an active zone during 200 releases onto a receptor patch of diameter 0.6 mm, a release being composed of di¡erent numbers of units of 3000 molecules of ACh each. One, two, and three units were released in the ratios 0X72 X 0X22 X 0X06, these values being determined according to the analysis given in Bennett et al. (1995) result that is most similar to the observed one (¢gure 1a). The broken lines in ¢gure 5 result from the application of the theory involving sums of random variables (equations (3)^ (7)).
DISCUSSION
A total of three di¡erent processes by which the multimodal distributions of spontaneous potentials (¢gure 1a) could be generated at synapses on autonomic ganglion cells have been considered.
The ¢rst of these is based on the fact that while most acetylcholine receptor patches on cardiac ganglion cells occur beneath active zones, about 20% occur about 1 mm from an active zone, unassociated with an overlying terminal (Sargent & Pang 1989; Wilson-Horsch & Sargent 1995) . This raises the possibility that the multimodality of spontaneous histograms occurs because the acetylcholine released by a vesicle activates sets of receptors that are multiples of those found in a single patch. In the present work, using the Monte Carlo algorithm for transmitter release, di¡usion and interaction with acetylcholinesterase and receptors developed by Bartol et al. (1991) , this has been found to be implausible. All the histograms of potentials generated with this approach failed to have a skewed component like that of the experimental potential histogram in ¢gure 1a.
A second explanation for the observed mixture of Gaussian histograms observed for the spontaneous potentials in autonomic ganglia (Martin & Pilar 1964; Bornstein 1978 ) is that multiquantal releases arise because of the near-simultaneous secretion of the contents of two synaptic vesicles at the active zone of a terminal. Such a synchronous event could occur if several synaptic vesicles were within a critical distance of a spontaneously opening calcium channel at which the transient rise in calcium concentration is su¤cient to trigger exocytosis (Bennett et al. 1995) . Alternatively, this could occur if several vesicles were within such a critical distance from the spontaneous opening of a ryanodine-sensitive calcium channel in the endoplasmic reticulum (Sitsapesan et al. 1995) . This argument, that multiple spontaneous releases from vesicles at an active zone could explain the mixture of Gaussian distributions, is contingent on the fact that the receptor patch beneath an active zone is not saturated by the transmitter released by a single vesicle. It appears that there are only about 100^200 receptor^channel complexes activated during a spontaneous EPSP at active zones on the autonomic ganglion cells for which this has been measured. This has been measured directly with loose-patch electrodes placed over single small boutons that contain only a single active zone (Bennett et al. 1997a) . It has also been derived on the basis that the mean size of spontaneous currents measured intracellularly involves a conductance change of 3000 to 5000 pS (Derkach et al. 1983; Hirst & McLachlan 1984) and that a single synaptic acetylcholine receptor has a conductance of 30 pS (Rang 1981; Derkach et al. 1983) . If a spontaneous synaptic current is due to the secretion of the contents of a synaptic vesicle that contains, as at the endplate, about 10 000 acetylcholine molecules (Miledi et al. 1982) , then the receptor-channel complexes will be saturated with acetylcholine and the quantal unit size will be determined by the relative paucity of postsynaptic receptors. This idea is consistent with the observation that the variance of the Gaussian distributions for the amplitude-frequency histograms of evoked release from single active zones on mammalian pelvic ganglion cells is only marginally greater than that of the noise (Warren et al. 1996) . It is clearly not compatible with the concept that multivesicular secretion occurs from a single active zone, as this would only give rise to a single quantal unit response.
The third possibility for generating multimodal histograms is related to the discovery that in the pelvic ganglion 30% of the boutons orthogradely labelled with dextran rhodamine are found immediately apposed to each other when viewed with the confocal microscope (Warren et al. 1996) . In this case, the active zones of each of these small boutons (1^2 mm in diameter) are as close as 1 mm to each other. Coordinated £uctuations in [Ca 2 ] 0 within adjacent active zones have been observed at the lizard neuromuscular junction (Melamed et al. 1993) , adjacent sympathetic varicosities in smooth muscle (Brain & Figure 5 . Amplitude-frequency histogram of peak A 2 R Ã generated by active zones during about 200 releases composed of di¡erent numbers of units each containing 10 000 molecules of ACh when there is the possibility of coupling between the active zones. (a) gives the result when the active zones possess receptor patches of 0.6 mm diameter and transmitter release is independent (asynchronous); the broken line is from equation (7). (b) gives the results as in (a), except that in addition to release occurring at single active zones, there is simultaneous (synchronous) release from two or three coupled active zones, the frequencies of the releases at one, two and three active zones being in the ratio 150 X 60 X 8, corresponding to a release probability of p 2a7; the broken line is from equation (4). (c) gives the results as in a, except that the receptor patches now come in three di¡erent size categories of 0.6, 0.7 and 0.8 mm with a relative frequency of 5 X 2 X 1; the broken line is from equation (3). (d) gives the results as in b, except that the receptor patches now come in three di¡erent size categories of 0.6, 0.7 and 0.8 mm with a relative frequency of 5 X 2 X 1; the broken line is from equation (6).
Bennett 1997) and adjacent preganglionic boutons in the superior cervical ganglion (Lin et al. 1997) . However, the increase in [Ca 2 ] i , of the order of 100 nM, is very unlikely to provide su¤cient concentration to trigger an exocytotic event, given the likely low a¤nity of the release receptor for calcium ions (Yamada & Zucker 1992; Bennett et al. 1997b ). Nevertheless, it is possible that a transiently high calcium concentration could be reached at closely apposed active zones within single boutons on ganglion cells as a consequence of the spontaneous opening of a ryanodine calcium channel strategically placed between the two active zones (Stern 1992; Bootman & Berridge 1995) . This might then trigger the near simultaneous exocytosis from vesicles within each of the active zones separated by a fraction of 1 mm. Such a mechanism would give rise to multimodal histograms for spontaneous potentials, as shown in ¢gure 5d, and still be compatible with the idea that quantal size is determined by the saturation of postsynaptic receptors.
